A simplified single channel wave rotor combustor (WRC) experimental rig was established, in which the spoilers with different blockage ratios (BR) could be conveniently installed and disassembled. The spoilers were firstly used for WRC to improve the pressure rise. The effects of different blockage ratios on the pressure rise and flame acceleration characteristics in a single channel of the WRC were investigated. The addition of spoilers could remarkably improve the pressure rise and flame propagation speed in a single channel of the WRC. While the blockage ratio of the spoiler increases, both pressure rise and mean flame propagation speed are improved. When the spoilers with a blockage ratio of 38.91% are used, the peak pressure increases by 200% compared to that of WRC without the spoilers. When the spoilers of different blockage ratios (23.35%, 31.13%, and 38.91%) are used, it is found that the flame propagation speed is significantly improved with the increasing of the blockage ratio. Specifically, the maximum flame propagation speed reaches 55 m/s, and the maximum mean flame propagation speed is 36.95 m/s. Furthermore, combustion becomes more intense, and the flame is brighter around the spoiler.
Introduction
For a gas turbine engine, pressure gain combustion has a strong potential to significantly improve the performance and reduce emissions [1] . The constant-volume pressure gain combustion could achieve an ideal Humphrey cycle. Under the same inlet conditions of a combustor, the pressure gain combustion is theoretically much more efficient than a conventional Brayton cycle, as shown in Figure 1 . Because a lower entropy generation in the combustion process is achieved to improve higher work availability, the output power would be increased and the thermal efficiency of gas turbine engine may be increased by 30%-50% [2] [3] [4] .
Wave rotor combustor (WRC) is an unsteady pressure gain combustion device [5] [6] [7] . The combination of WRC and gas turbine engine technologies have led to the formation of a new concept of engine exhibiting a series of advantages such as self-pressurization and high thermodynamic cycle efficiency and thus can significantly enhance system performance. Compared to other unsteady pressure gain combustion devices such as pulse detonation engines (PDEs) and pulse engines, the multichannel combination mode of a WRC can maintain intake and exhaust airflows in a quasistable state and enable stable propulsion. The unsteady flow and combustion processes of a WRC are very similar to PDE processes. A WRC can be considered as a reversed design of a rotary-valved multiple-tube PDE, in which the relative motion between combustor tubes and the inlet valve are achieved by rotating the tubes and fixing the inlet valve. The working process of a wave rotor combustor is described as follows, as shown in Figure 2 . Firstly, the inlet of a channel opens and the outlet closes. The channel is mostly filled with some combustible mixture. Secondly, both the inlet and outlet close; the hot jet gas enters the channel to ignite the combustible fuel/air mixture. Thirdly, the constant-volume pressure gain combustion is achieved. Fourthly, the channel is filled with high-temperature and high-pressure burned gas, and then the outlet duct opens to discharge the burned gas. This is accompanied by the production of an expansion wave, which propagates upstream in the channel. Finally, the inlet duct opens to refill the combustible fuel/air mixture. The outlet duct closes and the inlet remains open, and then hammer shock waves are produced at the outlet. This process is also referred to the precompression process of the WRC. However, complex flow and combustion mechanisms are often associated with the WRC, in which there is a series of complex wave mainly involving the interaction of shock waves, pressure waves, expansion waves, and flames. For a multitube PDE, the outlet remains open at all times while the channels are periodically opened to the inlet port similar to the wave rotor configuration. Thus, no hammer shock is generated, and the fresh mixture inside the channels is only stopped by a fan of expansion waves generated by closing the inlet port. The numerical results presented later clearly show that the pressure rise behind the detonation wave is less than a wave rotor combustor due to the lack of a precompression wave and existence of the expansion [8] [9] [10] [11] [12] [13] .
Elharis et al. conducted a preliminary testing of a WRC using ethylene as fuel and a wave rotor speed of 2100 rpm [1] . High-frequency dynamic pressure sensors were installed at different positions to measure the variation of pressure with time, and self-pressurized combustion was realized within the WRC. Further to this, Matsutomi et al. investigated the combustion characteristics of a WRC with an air flow rate of 9.6 lbm/s, an acetylene flow rate of 0.51 lbm/s, and a wave rotor speed of 2100 rpm, and variation of the total pressure was measured at both the inlet and the outlet [14] . Before ignition by hot jets, the rated inlet pressure was approximately 22.25 psi and dropped by approximately 0.5 psi after ignition. During combustion, mean pressure at the inlet was approximately 26.9 psi and at the outlet approximately 18.1 psi. Chinnathambi et al. established a singlechannel WRC experimental rig to explore the effects of different fuels on ignition and flame propagation processes while neglecting filling and discharge of the gas mixture in International Journal of Aerospace Engineering the WRC [15] . In addition, a precombustion chamber was used to generate hot jets for ignition. Compared to methane, ethylene can shorten the ignition delay time; moreover, a mixture of methane and hydrogen further shortens ignition delay times and accelerates flame propagation, thus achieving an optimal jet motion time of 6.1 ms. In general, ethylene results in a maximum pressure of 50 psi, and propane has a maximum pressure of 30 psi. From publication reference, the pressure in the channel of a WRC is less than 0.8 MPa, and the length of a WRC is about 700 mm. The length of the WRC is only 200 mm in this paper. To increase the pressure rise of the WRC, the technology of intensifying combustion should be explored. To date, relatively few studies have explored combustion intensity in a WRC, whereas a large amount of research on detonation exists. Moreover, installing the Shchelkin spiral, an obstacle used to create a partial blockage within the denotation tube, has been found to accelerate the deflagration-todetonation transition (DDT) [16] [17] [18] [19] . Lee et al. examined a number of parameters associated with the DDT process including the blockage ratio (BR) of the obstacle and spacing of obstacles for the combustion of ethylene and air using round plate obstacles in a square tube with a length of 1650 mm and width of 45 mm [20] . Based on planar laserinduced fluorescence (PLIF) imaging and Schlieren images, the position and spacing of obstacles were shown to affect the intensity of turbulence in the detonation chamber and enhance the acceleration of flames. In particular, local thermal explosions in the unburned mixture further accelerate the propagation of flames. The results revealed that DDT can only be achieved when the flame propagation speed is increased to half of the propagation speed of the ChapmanJouguet detonation wave, while a BR of 0.3~0.6 can also effectively accelerate the propagation of flames. Cooper et al. [21] conducted similar tests and concluded that the DDT time for a mixture of ethylene, propylene, and oxygen can, on average, be reduced by 65% using a turbulence device with a BR of 43%; however, propulsion is also simultaneously reduced by 25%. Witt et al. [22] investigated the detonation technology based on two different types of intensified shock wave reaction devices, a plate/cone or annular orifice plate, using ethylene as fuel and oxygen diluted with nitrogen as an oxidizing agent. As the high-speed flame/shock waves interacted with obstacles, the DDT process was examined in a detonation tube with an inner diameter of 140 mm and length of 3100 mm. For a mixture of ethylene and air with an equivalence ratio, the DDT process can be realized at a position 1320 mm away from the ignition position, i.e., detonation could be used to initiate the explosion. In addition, Zheng et al. experimentally investigated the shape, BR, and number and spacing of spoilers on the peak pressure of the detonation wave [23, 24] . Furthermore, by combining theoretical analysis with numerical simulations, Valiev et al. [25] examined the effects of the position and spacing of spoilers on the acceleration of flame propagation in a detonation tube and found flame propagation to be remarkably accelerated using spoilers. Further, flame acceleration dropped as the initial Mach number increased. Therefore, by referring to the intensified combustion measures in detonation combustion, spoilers can be installed in a WRC in order to accelerate the propagation of flames, promote conflagration, and almost achieve detonation combustion. In publication references, 3 International Journal of Aerospace Engineering the spoilers were used to improve the pressure of PDE or shock wave tube [22] [23] [24] [25] . The channel of PDE is different from that of WRC. For PDE, one end of the channel is closed and the other end of the channel is opened during combustion. For WRC, the two ends are all closed during combustion. The flow and combustion in the channel of a WRC are different from them in the channel of the WRC. The results of PDE with the spoilers could not be directly used for WRC. The combustible mixture flow is in the same direction as the flame propagation in the channel of PDE, but it is just the opposite in the channel of a WRC. Therefore, the investigation of pressure rise and flame acceleration in a single channel of a wave rotor combustor with spoilers should be performed.
In this study, the effects of some spoilers with different blockage ratios on the pressure rise and flame propagation in a single channel of a WRC were examined. Compared with current main WRC research which focuses on single-cycle and single-channel WRC, our study conducted tests on multicycle and single-channel WRC experimental rig using ethylene as fuel to determine the combustion characteristics of the WRC with some spoilers of different blockage ratios (0, 23.5%, 31.13%, and 38.91%) and to explore the effects of spoiler blockage ratios on the pressure rise and flame acceleration characteristics of the WRC.
Experimental System and Method
A WRC experimental rig consists of a hot jet generator, WRC, motor, fuel supply system, and data acquisition system, as illustrated in Figure 3 . Inside the prechamber, a hot jet is generated by propane ignited by a spark plug, and sustained stable hot jets are formed to ignite the combustible fuel/air mixture in the channel of the WRC. Plates on both sides of the WRC are fixed and connected to the rotational axis of the motor and therefore rotate with the motor. A number of intake ports are located on the end plate, as shown in Figure 4 , and the arrangement of ports is directly linked to the operation of the WRC. Two additional exhaust ports are set on the exhaust sealing disk, while some additional ports with a smaller radius are included to allow the hot jets enter the wave rotor channel, and 180°ports are positioned to enable outflow from the wave rotor channel. The exhaust sealing disk is installed near the hot jet generator, and the intake sealing disk is installed near the motor. Only one 170°port is set on the intake sealing disk to allow fuel/air mixture to flow into the wave rotor channel. The open position of the exhaust port is 38°less than the intake port. When the wave rotor channel stops and the system is in operation, the WRC working environment is formed. Ethylene is used as fuel. After starting the experiment, the air source is opened International Journal of Aerospace Engineering for the hot jet ignitor which is turned on. Then, the motor is switched on and the speed is adjusted to 1200 rpm until stable high-efficiency hot jets are formed. At the same time, the WRC air source is opened and the air flow rate and ethylene flow rate are adjusted to 47.669 m 3 /h and 1.6 m 3 /h, respectively. The design and installation of the spoilers is illustrated in Figure 5 . There is relatively ubiquitous to install spoilers in the detonation combustor channels; however, WRC channels have particular structures with strict requirements. Therefore, spoiler guides must be fixed to the channel. These additional guides significantly affect the flow characteristics in a small channel of the WRC. A novel method is therefore developed in this study for installing the spoilers in a sizerestricted space. As illustrated in Figure 5 , the spoilers are directly inserted into the seam of the upper wall surface. The spoiler is then bolted down. This drawer-like installation has numerous advantages including convenient installation and a simple structure with only minor influence on the external environment. The blockage ratio of a spoiler is defined as the area of the spoiler divided by the crosssectional area of the channel of the wave rotor. In this paper, the three spoilers with different blockage ratios (23.5%, 31.13%, and 38.91%) were designed for the WRC.
The data acquisition system of the WRC is comprised of a high-speed camera, pressure sensor system, and ion probe system, as illustrated in Figure 6 . The high-speed camera is used to record the development of flame structures in a channel of the WRC at a frequency of 1000 Hz. The length and width of the observation window are 153 mm and 26 mm, respectively. By analyzing images taken at different time points by the camera, changes of the flame structure are observed; moreover, the time interval and flame propagation distance are determined by analyzing adjacent images. This method allows the flame propagation speed to be approximately measured in a relatively short time interval. Pressure 5 International Journal of Aerospace Engineering sensors (KD2004) with a sensitivity of 0.12 pC/kPa, resonant frequency of 200 kHz, and sampling frequency of 500 kHz were used to examine the pressure wave variations in a channel of the WRC, and ion probes were used to measure the variation of ion flow after combustion, which reflects the flame propagation characteristics. The pressure data by KD2004 sensor was compared with the data by PCB sensor [26, 27] . The error is less than 5%. The signal by ion probes was compared with that by photosensitive [28] [29] [30] . The error is less than 6%. Signals were measured synchronously. Positions of the pressure sensors and ion probe are shown in Figure 6 . The inlet of the wave rotor is the origin coordinates (the starting point of the channel). More specifically, pressure sensors are located along the length of the pipe at X = 40 mm, at X = 100 mm, and at X = 160 mm. The ion probe and pressure sensors are installed on the same cross-section but axially perpendicular.
The ion probe system was used to measure the propagation speed of flames in the channel of the WRC. The working principle can be described briefly as follows. It is well known that a large number of charged ions exist on the combustion flame surface. When a large number of charged ions gather around the ion probe, the ion probe is conductive, as shown in Figure 6 . At that moment, ion probe and data acquisition system short circuits and the voltage dramatically drops, corresponding to the instant the flame arrives; therefore, the flame surface arrival time at the measuring point can thus be assessed using the acquired voltage signal. The ion probe system includes the ion probes, reasonable circuit, and data acquisition system, as shown in Figure 7 . Under the nonconductive phase, the ion probe signal is 9 V. As the flame surface moved toward the ion probe, the signal dropped, and the decreasing amplitude is related to the concentration of ions on the flame surface. At large ion concentrations, the detected signal is close to 0. The signal detected by the pressure sensor represents the magnitude of pressure. The ion probes are arranged uniformly on the wall of the wave rotor. In the present experiment, due to space limitations, three ion probes are arranged to record the moment the flames arrive at the ion probe. Mean flame propagation speed is then be calculated by dividing the distance between two ion probes by difference in the arrival time. Measurements were performed several times, and average values were calculated.
Characteristics of Pressure Rise and Flame Acceleration
The acquired voltage and pressure signals collected by the ion probe and pressure sensors for WRC with the spoiler are shown in Figure 8 , where the blockage ratio of the spoiler is 38.91%. The data acquisition lasted 0.2 ms and the data acquisition frequency was set as 1 MHz with a cut-off frequency of 1500 Hz. It can be observed that the WRC underwent four operational loops and operated at a frequency of 20 Hz (corresponding to the WRC speed of 1200 rpm). The operating frequency of the WRC is identical to that of the motor, i.e., no frequency lag is observed. Furthermore, the signal for each cycle demonstrated good repeatability; indicating operation of the WRC is time sequence and normal. Figure 9 presents the ion and pressure signals of a single cycle operation, which are the enlarged view of Figure 8 . Overall, pressure is shown to rise earlier than the moment the ion probe signal is triggered (i.e., the flame arrival moment). During the flame propagation process, the distance between the initial pressure wave and flame surface is seen to increase, which can mainly be attributed to the greater propagation speed of the initial pressure wave compared to the flame. The peak of the pressure wave always remains in front of the flame. However, as the flame propagation accelerates, the pressure wave peak is seen to be closer to the flame, and the two values are almost coupled at ion probe 3 (IP3) and pressure transducer 3 (PT3), almost generating detonation combustion. Triggering of the flame signal is more evident than for the condition in front of the two positions. Ions released during the combustion process immediately result in a break in the probe, leading to a rapid decline in voltage signal. At IP3, the ion probe signal exhibited a small drop, suggesting the ions released from the combustion process are at a relatively low in concentration; moreover, the ion probe exhibited poor conduction capabilities, and the flame combustion rate is also low. After burning completely, the concentration of released ions drops, and the voltage signal detected by the ion probe rise again. Burning in the channel of the WRC starts when both sides of the channel are closed. In contrast, detonation would be achieved when one side of the channel is closed and the other side is open. Detonation is available to accelerate flame propagation whereas burning in the channel of the WRC is beneficial to the increase of voltage. To enhance dynamic performance, burning in the channel of the WRC exhibits more favorable performance with the pressure boost and high pressure is achieved in a shorter channel. At pressure transducer 1 (PT1), the pressure reaches 1.19 MPa; at pressure transducer 2 (PT2), the pressure peak exceeds 1.41 MPa; and at PT3, the peak pressure is close to 1.15 MPa. The pressure peak at PT3 is slightly lower than PT2 due to seal leakage in both the dynamic and static components of the WRC and near the port, and PT3 also exhibited a certain amount of leakage. It can be observed that the combustion pressure wave first increases and then decreases. As the combustion process progresses, pressure waves in the channel become superposed and propagate to PT3, which is close to the wave rotor channel port. The decline in pressure is due to some leakage at PT3. The voltage signal measured by the ion probe increases, and at PT1, the combustion process becomes intensified and the concentration of released ions is high. Accordingly, the ion probe exhibits favorable conductivity, and a huge voltage drop is observed. As the flame propagates toward the end of 6 International Journal of Aerospace Engineering the channel, the flame propagation slows under the pressure of the front channel. Moreover, combustion of the combustible mixture in the channel is almost complete, combustion became less intense, and the ion probe exhibits weakened conductivity and a decrease in the voltage drop is observed. In grayscale, images of the flames exhibit no obvious visual differences. Therefore, 16-color indexing was performed on the original grayscale images. The original grayscale images include information from 0 to 255 pixels, and the grayscale pixel values were divided into 16 intervals with each interval corresponding to a different color. The flame edge was also extracted. Pseudocolor flame images with a mesh size of 10 mm are displayed in Figure 10 , where the blockage ratio of the spoiler is 31.13%. Figure 11 displays the flame structures at different moments in time. Combustion intensity is represented by brightness, where the blockage ratio of the spoiler is 31.13%. During the flame propagation process, it is apparent that the flame propagation speed increases at the beginning then rapidly decreases as the flame propagates toward the end of the channel. During the acceleration process, since both sides of the wave rotor channel are closed, combustion products are enclosed, therefore, both the pressure and temperature following the combustion wave increase dramatically. Therefore, it can be concluded that the combustion wave is constantly being accelerated and the compressional wave is also intensified, thereby enhancing the pressure of the unburned combustible mixture in front of the flame, increasing the combustion rate, and forming a positive feedback effect. This is consistent with previously reported flame acceleration mechanisms [31, 32] . In the late stages of the combustion process, flame propagation slows down and the compression wave in front of the flame is reflected by the closed end and reacts with the flame front, leading to a drastic decrease of the flame propagation speed. Furthermore, combustion is most intensive around the spoilers, as illustrated by brightness, shown in Figure 11 . The turbulence around the spoilers is intensified, which accelerates the release of heat from the flame surface. Moreover, the flame surface is torn and stretched by strong turbulence, thereby increasing the heat release area from the flame, accelerating the thermal release rate of combustion, and enhancing the combustion intensity. 7 International Journal of Aerospace Engineering the flame was triggered and the peak of the ion probe signal occurred, Δt 2 denotes the time difference between the initial time and the moment at which the ion probe signal was restored to 95% of its initial value, Δt 3 denotes the time difference between the moment at which the initial pressure wave was triggered and the peak of combustion pressure International Journal of Aerospace Engineering wave occurred, and Δt 4 denotes the time difference between the moment at which the peak of ion probe signal occurred and the peak of combustion pressure wave occurred. It can be observed that Δt 1 is the shortest at X = 100 mm within the channel suggesting the highest concentration of ions are released during combustion at this position, conductivity is most favorable, and the highest flame combustion rate occurs. Combining the results of Table 1 and Figure 9 , it can be concluded that combustion at X = 100 mm in the channel is also intense. The duration of combustion is reflected in Δt 2 , and the flame durations at X = 40 mm, 100 mm, and 160 mm decrease gradually. Superposition of the combustion pressure waves is reflected by Δt 3 and Δt 4 greater than zero, which suggests the pressure wave is always in front of the flame surface. Through comparison, Δt 4 increases gradually as X increases steadily from 40 m to 160 mm, which indicates that the distance between the flame surface and the initial pressure wave increases. In other words, the propagation speed of the pressure wave exceeds the propagation speed of flame. With accelerating flame propagation, the distance between the flame surface and the peak of the combustion pressure wave decreases. During this process, the flame chases the pressure wave and they become coupled resulting in detonation combustion. The ion probe signal can be used to determine the variation of the flame propagation position with time to calculate the variation of flame propagation speed. However, since only a few ion probes were used, the flame propagation speed was instead calculated based on the images taken using the high-speed camera, as shown in Figure 12 , where the blockage ratio of the spoiler is 31.13%. Overall, the flame propagation speed exhibited three phases. In the first phase, hot jets flow into the wave rotor channel and ignite the premixed gas in the channel. During the initial propagation phase, the flame is mainly subjected to the impact of hot jets and accelerates. Next, upon encountering the spoilers, the flame is further accelerated. The turbulent intensity drops after the flame crosses the spoilers, which is accompanied by a decrease in the flame propagation speed. For WRC, the two ends are all closed during combustion. The directions of flow 9 International Journal of Aerospace Engineering and flame propagation in the channel of the WRC are different in the channel of the WRC. The flame propagates upward the fuel/air mixture flow. After the inlet port closes, the fuel/air mixture flow also moves downward because of the inertia, which would induce the distribution of the fuel/air mixture near the inlet port to be not available for flame propagation. Using spoilers in the channel of the WRC, the flame propagation speed could be increased slightly. The combustion process in the WRC is not complete until the flame has propagated to the entire length of the channel. Throughout the entire combustion process, the maximum flame propagation speed is 55 m/s with a mean value of 36.95 m/s, which are close to the speed of fast deflagration flame propagation (15-44 m/s) in the channel of the wave rotor combustor by Asea Brown Boveri (ABB) in Switzerland [33] .
Effect of Spoiler Blockage Ratio on Pressure Rise and Flame Acceleration
Experiments were performed to examine the effect of the spoiler BR on the combustion characteristics of the WRC during which the air intake and equivalence ratio of the Figure 13 displays the variation of the signals collected by the ion probe and pressure sensor system at position X = 160 mm (IP1 and PT1), where is near the exit of the WRC with different blockage ratio spoilers. The data is selected from 12 groups of voltage signals and pressure signals acquired by the ion probe and pressure sensor. Within a data acquisition time of 0.4 ms, both the ion probe and pressure sensor acquired data across 8 cycles. The frequency is equal to the working frequency of the motor (1200 rpm), and no frequency lag is observed, suggesting the WRC can work continuously through multiple cycles. When no flame surface is detected, the voltage detected by the ion probe is 9 V. Once the flame surface is detected, the voltage signal drops. Most of the time, the pressure signal detected by the pressure sensor is lower than 0 MPa, corresponding to the period from discharge of the high-temperature burned gas from the channel of the WRC to the next working cycle. This is normal since low pressure forms in the channel of the WRC after discharging the high-temperature burned gas and the pressure increase after the fuel/air combustible mixture begins to fill for the start of the next cycle.
Variation of the peak combustion pressure of the WRC with different blockage ratio spoilers is shown in Figure 14 . The data are the average value of the 12 sets of experimental results. By installing spoilers to the channel, the peak of the combustion pressure wave is significantly enhanced. When BR = 38 91%, the peak pressure at PT1 is enhanced by 200% compared to the no spoiler condition. This is due to the fact that the addition of spoilers enhances the combustion intensity, thereby increasing the peak of the maximum pressure wave during combustion. Moreover, as the blockage ratio of spoilers increases, the difference between the peak pressures at PT3 and PT2 also increases. The peak pressure at PT2 is the highest. The peak pressure at PT1 and PT3 is slightly lower, which suggests there is some pressure leakage [34] . With the blockage ratio of spoilers increasing, the pressure in the channel of the WRC also increases. Because of leakage from the port, some of the pressure rise value is lost. Differences between the peak pressures at PT1 and PT3 are slightly affected by leakage. Figure 15 illustrates the flame propagation process in the channel of the WRC with different blockage ratio spoilers. The size of the inspection window is 153 mm, which is smaller than that of the width of the wave rotor channel (200 mm), and therefore, a section of the wave rotor channel 23.5 mm away from the ignition end is not observed. Accordingly, the entire ignition process from when the hot jets enter the wave rotor channel cannot be acquired. Therefore, in this study, the time instant 1 s before the flame appears in front the inspection window was set as t = 0 ms. It can be observed that, using spoilers with BR = 0, the flame does not cross whole channel. Instead, the flame stops at t = 9 ms and is discharged from the wave rotor channel at approximately 12 ms. Based on this analysis, it can be observed that the exhaust port of the wave rotor channel opens at t = 9 ms and the intake port remains closed at that moment. The flame propagation speed is similar to the discharge speed of the fluid from the channel; therefore, the flame stagnates. At t = 11 ms, the intake port of the wave rotor channel opens so it can begin to fill with the fuel/air combustible mixture for 11 International Journal of Aerospace Engineering the next cycle. The filling speed of the fuel/air combustible mixture is 29.89 m/s, which exceeds the flame propagation speed, therefore, the flame is blown out of the wave rotor channel. As a result, a certain amount of fuel/air combustible mixture may be wasted, which can affect the performance of the WRC. When spoilers with BR = 23 35%, 31.13%, and 38.91% were used, the flame propagated through the whole channel, thereby confirming that the addition of spoilers accelerates flame propagation. In addition, combustion became more intense around the spoilers. The combustion intensity can be further enhanced by increasing the blockage ratio of the spoiler.
Variation of the flame front position over time with spoilers of different blockage ratio is shown in Figure 16 , in which the solid lines represent the linear line of the best fit and slope K denotes the mean flame propagation speed. When BR = 0, the maximum flame propagation distance can reach up to 99.67 mm, which is almost 2/3 of the length of the entire inspection window. Accordingly, the volume of the whole wave rotor channel cannot be fully utilized, which affects the performance of the WRC. When the spoilers of different blockage ratio (23.35%, 31.13%, and 38.91%) are used, combustion flame could spread across the whole channel. The calculated slopes demonstrate that the mean flame propagation speed increases with increasing spoiler blockage ratio. Finally, when the blockage ratio of the spoilers used is 38.91%, the mean flame propagation speed reaches 29.173 m/s.
Conclusions
An experimental rig for WRC with some spoilers of different blockage ratio was designed. The spoilers with different blockage ratio could be conveniently installed, disassembled, and altered. The spoilers are firstly used to improve the pressure in the channel of a WRC. Experiments were then conducted on the simplified system to examine the effect of the spoilers with different blockage ratio on the pressure rise and flame acceleration characteristics of the WRC. It is verified that the spoiler could improve the pressure rise and flame propagation speed. With the increasing of the blockage ratio, both the pressure rise and average flame propagation speed are increased. When the spoilers with the blockage ratio of 38.91% are used, the peak pressure of the WRC is enhanced by 200% compared to that of the WRC without the spoilers. When the spoilers with different blockage ratio are used, flame propagation speed increases significantly to a maximum flame propagation speed of 55 m/s and mean flame propagation speed of 36.95%. Combustion becomes more intense and the flame is brighter around the spoiler. Pressure transducer Δt 1 : Time difference between the time at which the flame was triggered and the peak of the ion probe signal occurred Δt 2 : Time difference between the initial time and the moment at which the ion probe signal was restored to 95% of its initial value Δt 3 : Time difference between the moment at which the initial pressure wave was triggered and peak of combustion pressure wave occurred Δt 4 : Time difference between the moment at which the peak of ion probe signal occurred and the peak of combustion pressure wave occurred X:
Location of pressure sensors K:
Slope of the linear line.
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